Nucleotide substitutions in the HA1 domain of seasonal influenza virus H3N2 occur in temporal clusters, which was interpreted as a result of recurrent selective sweeps underlying antigenic drift. However, classical theory by Watterson suggests that episodic substitutions are mainly due to stochastic genealogy combined with unique genetic structure of influenza virus: High mutation rate over a nonrecombining viral segment. This explains why even larger variance in the number of allelic fixations per year is observed in nonantigenic gene segments of H3N2 than in antigenic (hemagglutinin and neuraminidase) segments. Using simulation, we confirm that allelic substitutions at nonrecombining segments with high mutation rate become temporally clustered without selection. We conclude that temporal clustering of fixations, as it is primarily caused by inherent randomness in genealogical process at linked sites, cannot be used as an evidence of positive selection in the H3N2 population. This effect of linkage and high mutation rate should be carefully considered in analyzing the genomic patterns of allelic substitutions in asexually reproducing systems in general.
Since its first detection in 1968, influenza viral strain H3N2 continued to infect human hosts and caused global seasonal epidemics (Shors 2011) . This viral population is of great interest in evolutionary biology as the accumulation of decadeslong genetic data assembled in unparalleled global efforts (WHO Global Influenza Surveillance and Response Network and National Influenza Centers) allows the observation of adaptive evolution occurring in real time. A large number of viral sequences, mostly of hemagglutinin (HA) gene segment, have been obtained over many geographic regions, which allowed clear evolutionary genetic analyses on rapid antigenic changes, termed antigenic drift, for escaping host immunity and inferences on the complex demographic structure of viral population (Nelson and Holmes 2007; Rambaut et al. 2008; Bedford et al. 2010; Bahl et al. 2011; Lemey et al. 2014; Luksza and L€ assig 2014) . The availability of longitudinal (time-series) samples of viral sequences also provides unique opportunity to test predictions of population genetics theories. In this study, we show that the profile of allelic substitutions documented in HA gene sequences of H3N2 strain fulfills the prediction of Watterson's classical theory on the temporal clustering of nucleotide substitutions in sequence evolution (Watterson 1982a (Watterson , 1982b which remained untested as appropriate data were not available earlier.
It has been observed that evolution of HA1 segment in H3N2 is episodic, with distinct clusters of antigenically similar viruses that replace one another every 2-5 years (Smith et al. 2004 ; Koelle et al. 2006; Nelson and Holmes 2007) . This was attributed mostly to the antigenic structure of HA protein that changes discontinuously even if the underlying amino acid sequence changed continuously. However, the nucleotide and amino acid sequence itself of HA1 was shown to evolve in temporal clusters in H3N2 viral population (Plotkin et al. 2002; Wolf et al. 2006; Strelkowa and L€ assig 2012) . When yearly allele frequency changes at individual nucleotide sites, conditional on the fixation of the derived alleles from 1993 to 2010, are plotted, the allele frequencies of the variants at many sites exhibit correlated changes toward fixations ( fig. 1) .
Recently, Strelkowa and L€ assig (2012) quantified this temporal clustering of fixation by the index of dispersion (IOD), defined as V x =x, where V x and x are the variance and mean of the number of fixation events per year. They obtained IOD of 6.7 (our estimate based on data spanning 20 years is lower but still much greater than 1; see below), whereas IOD~1 is expected given that fixations occur independently as a Poisson process. Furthermore, synonymous and nonsynonymous substitutions exhibited the same (correlated) pattern of temporal clustering. Strelkowa and L€ assig (2012) and Luksza and L€ assig (2014) presented this result as one of strong evidences for recurrent selective sweeps and clonal interference. Their conclusion seemed obvious as it is known that 1) each segment in influenza viral genome does not undergo homologous recombination (Boni et al. 2008) , 2) the fixation of advantageous allele can be accompanied by fixation of multiple linked alleles (Fay and Wu 2000; Kim and Stephan 2000) , and 3) HA gene was inferred to be under recurrent positive selection causing antigenic drift (Fitch et al. 1991; Ina and Gojobori 1994; Yang 2000; Bhatt et al. 2011; Strelkowa and L€ assig 2012) . (It was also suggested that the thermodynamics of protein folding imposes fluctuation of neutral space and it increases the IOD in nonsynonymous substitutions [Bloom et al. 2007 ]. However, as its effect on IOD is rather modest (IOD < 1.6), we do not further consider this mechanism as an explanation of large IOD in influenza.)
In addition to HA1, we calculated IOD for all eight segments of viral genome in H3N2 using sequences available from 1991 to 2010 (table 1) . All segments, regardless of whether they are known to experience frequent positive selection, yielded large IOD indicating that the pattern of temporally clustered substitutions is genome-wide, even though reassortment between segments is expected to limit the impact of positive selection at HA and neuraminidase (NA) segments on genealogies at other nonantigenic genes (Holmes et al. 2005; Rambaut et al. 2008 ). Contrary to this expectation, IODs of HA and NA were smaller than those of other segments except matrix protein (MP). Similar results were obtained when we used the genomic set of viral sequences or various schemes of subsampling sequences (supplementary table S1, Supplementary Material online). Therefore, this observation of relatively large IOD at nonantigenic segments is not likely an artifact due to bias or incompleteness in sampling. We thus asked whether this genome-wide temporal clustering of substitutions is contributed by factors other than positive selection, including demographic dynamics of viral population.
Recent genealogical analyses suggested that global epidemics of H3N2 influenza involve complex patterns of viruses' seasonal interregional migration (seeding) mostly from Asia to the rest of the world (Bedford et al. 2010; Chan et al. 2010; Bahl et al. 2011; Lemey et al. 2014) . Such metapopulation dynamics of global H3N2 population (seasonal extinction and recolonization of most local populations) may imply recurrent population bottlenecks, the effect of which on genetic variation would be similar to that of recurrent selective sweeps. We simulated a population of viruses that reproduce according to the Wright-Fisher model without selection but undergo recurrent population bottlenecks. Segment length (L), mutation rate (m), and population sizes (N) were adjusted so that per-year nucleotide substitutions and nucleotide diversity match those observed in the HA1 domain of influenza virus. Population size decreases either by 10-fold (Model B1) or 100-fold (Model B2) during yearly bottleneck (see Materials and Methods). The mean IOD of fixation times in this simulation was around 6 (table 2, Models B1 and B2), slightly larger than the value observed in HA1 sequences.
If recurrent bottlenecks caused the clustering of fixation times observed above, a bottleneck-free population would be predicted to generate much lower IOD close to 1. However, to our surprise, in the simulation of constant-sized population under neutral evolution, IOD was as large as those observed with bottlenecks (Model A; table 2). It was further observed that IOD increases monotonically with increasing population size, thus with increasing nucleotide diversity (Tajima 1989) , which is an estimator of scaled mutation rate = 2 Nm (N is the effective number of viral sequences and m is the mutation rate per segment). These results suggest that population bottlenecks or any other complex demography may not be responsible for clustered substitutions in H3N2. We learned that this "surprising" clustering of fixation events in the absence of either recurrent selection or complex demography was already predicted by Watterson (1982a Watterson ( , 1982b . He showed that, for a single locus (or a set of completely linked loci), the height of coalescent tree connecting all individuals in a population at a given time to their most recent common ancestor is highly stochastic and this fluctuation of whole-population genealogy increases the variance of the number of allelic fixations observable at a given interval of time ( fig. 2A ). Assuming the Wright-Fisher model, if X is the number of fixation events in an interval of Nt generations, Watterson (1982a) 
Therefore, the IOD for fixation events is always greater than 1 and increases monotonically with decreasing t (i.e., time interval of measurement becoming shorter relative to the time scale of coalescence). These equations also predict that, for fixed N and t, IOD increases with increasing persegment mutation rate, which should be approximately proportional to the length of segment in influenza virus. We performed simulation of Wright-Fisher population with constant size (Model A; see fig. 2B for exemplary allele frequency trajectories), varying per-segment mutation rate by changing the length of segment, and confirmed that mean IOD increases with ( fig. 3 ). Simple analytic approximation to IOD (i.e., calculating E[X] and Var[X] by the above equations and dividing the latter by the former) is in good agreement to mean IOD observed in simulation if per-site mutation rate is reduced (L is thus increased) enough to satisfy the infinite-site model of mutation ( fig. 3 ; see Materials and Methods). If high mutation rate (10 À4 per site per generation) estimated for actual viral sequences is used, mean IOD is much smaller than the analytic approximation. The theory also suggests that the clustering of fixations should disappear if sequences recombine freely. We introduced a step of homologous recombination at each generation and confirmed that IOD is indeed lowered close to 1 (table 2, Model A + recombination).
As described above, IOD was also calculated from a population undergoing recurrent seasonal bottlenecks (table 2, Models B1 and B2). While fixing other parameter values, we varied per-segment mutation rate by changing the length of segment. For matching per-segment scaled diversity (), IODs in Models B1 and B2 were close to those in Model A (table 2; fig. 3 ), indicating that seasonal fluctuation of population size did not affect the degree of clustering in allelic substitutions. In addition, we simulated more complicated demography in which the durations of pre-and postbottleneck periods vary stochastically (distributed exponentially) so that the impacts of bottlenecks are not uniform across different years (Model B3). As expected, this model generated larger values of IODs ( fig. 3 ), however not much larger than those of Watterson's baseline predictions.
Next, we performed simulation of recurrent selective sweeps in a constant-sized population (Models C1-C3), allowing a subset of sites ("epitope" sites) to mutate into advantageous alleles with selection coefficient s. Parameters were adjusted to generate a fixed rate of sweeps (1.3 fixations per year driven by positive selection, estimated for HA1 domain by the extension of McDonald-Kreitman test; Bhatt et al. [2011] ) and sequence diversities matching those in above models. IOD was calculated either including substitutions observed in epitope sites (table 2) or excluding them (thus using only linked neutral sites that vary in length; fig. 3 ). In either case, for matching, stronger selection (s increasing from 0.05 to 0.2) yielded smaller IODs. Overall, recurrent selective sweeps led to much smaller IOD than without selection. Finally, in Model C4, we simulated recurrent selection under the complex demography of Model B3, which was shown to increase IOD by itself. This model however did not generate IODs much larger than other models of recurrent selection.
IODs and sequence diversities calculated for eight viral segments also confirm Watterson's prediction of their positive correlation ( fig. 3 ): Including nonstructural (NS) gene segment, which is the shortest segment with a much smaller number of fixation events than others (table 1), positive correlation is marginally significant (P = 0.057, linear regression). However, excluding NS segment, P = 0.013. Overall, for matching sequence diversities, the degrees of clustering are smaller than expected under constant-sized neutral population and are approximately comparable to simulation results with recurrent selective sweeps. From this result and the genealogical interpretation of clustering illustrated in figure 2A , one may suggest that recurrent episodes of positive selection (i.e., antigenic drift) in H3N2 viral population caused wholepopulation coalescent processes to occur in more regular manner than expected without them. This interpretation is supported by visual inspection of allele frequency trajectories between actual HA sequences and simulated sequences under neutral equilibrium with matching diversity (figs. 1 and 2B). The former is characterized by rather uniform rates of increase in variants' frequencies and the latter by much diverse slopes in trajectories that "merge" at intermediate frequencies. Furthermore, our model under simple recurrent selection (Model C3) generated the profile of trajectories that is closer to the actual observation ( fig. 2C ). We note that the heights of whole-population coalescent trees (thus intervals between the most recent common ancestors of whole-population, T i , in fig. 2B and C) are less variable with selection than without it. In summary, when it is primarily the inherent randomness in genealogical process that generates the temporal clustering
FIG. 2. (A) Schematic view of stochastic genealogical process that generates clustering of fixation events in time.
Time is divided into equal-sized intervals. The most recent common ancestor of all gene lineages at time t i is defined as a i and it is assumed to occur at time T i . The coalescence of lineages from all individuals at t i to a i , traced backward in time, is depicted by a V-shaped curve. All derived alleles that reach fixation during interval between t i and t i + 1 must arise by mutation along the lineage linking a i and a i + 1 , the length of which is j T i À T i + 1 j . All other mutations are destined to be lost. Because the coalescent process in a finite-sized population (e.g., the Wright-Fisher model) is highly stochastic, variance of j T i À T i + 1 j is very large. Therefore, as mutations occur as a Poisson process on the lineage, the number of fixations observed at each interval is highly variable. In this example illustrated, much larger number of mutations will be fixed during interval [t 1 , t 2 ] than during [t 3 , t 4 ]. Note that the variance of fixation events depends on the length of interval relative to the time scale of coalescence: As many mutations fix recurrently in a long interval of measurement the effect of clustering should go away. This is also indicated by equations (1) and (2) Frequencies of these derived alleles through time were obtained from sliding windows of 6 months, with step size of 3 months. Each interval (t i , t i + 1 ) represents 1 year in simulation. We traced lineages for all individuals in the simulated population backward-in-time and found the time, T i , of the most recent common ancestor of all gene lineages at time t i . Under the infinite-site assumption, mutations that arise between T i and T i + 1 should reach fixation in the interval (t i , t i + 1 ). However, it is shown that several trajectories do not obey this rule (e.g., a green-colored trajectory that arises between T 4 and T 5 but is fixed between t 6 and t 7 in [B] ). Our examination indicates that such trajectories arise as multiple independent mutations occur at each nucleotide site.
of fixations at linked sites (Watterson 1982a (Watterson , 1982b , it needs to be further investigated how recurrent positive selection and complex demographic dynamics operating in H3N2 viral population modify the randomness of genealogy to increase or decrease the degree of clustering. Such investigation will require elucidating the exact tempo and mode of selective and demographic processes. Exploration for such detailed evolutionary dynamics of H3N2 is beyond the scope of this study. However, our limited analysis strongly suggests that the major determinant of clustering observed in the HA1 segment of influenza virus is simply its high cumulative mutation rate over a nonrecombining sequence, rather than recurrent selective sweeps or complex demography, as simulation showed that the latter processes only slightly increase or greatly reduce the level of clustering predicted by Watterson's baseline model. Furthermore, given that random genealogical fluctuation (i.e., genetic drift) should occur in any finite-sized population regardless of the presence of selection, Watterson's model provides parsimonious explanation for the positive correlation between segment length and IOD whereas selection-based model cannot. This conclusion raises concern regarding recent efforts to interpret various aspects of viral sequence evolution mostly in terms of host immunity-driven selection (Grenfell et al. 2004; Wolf et al. 2006; Strelkowa and L€ assig 2012; Luksza and L€ assig 2014) . According to our result, it can be evolutionary genetic factors other than positive selection that determines the major pattern of viral sequence evolution. This does not however mean to dismiss other clear evidences of positive selection operating in influenza viruses (Fitch et al. 1991 ; Ina and Gojobori 1994; Yang 2000; Bhatt et al. 2011; Strelkowa and L€ assig 2012). Indeed, our limited exploration of evolutionary models found that the temporal profile of allele frequency changes in HA matches more closely to simulation result with recurrent strong selection than with only genetic drift ( figs. 1 and 2C) . However, our conclusion still remains that temporal clustering of fixations by itself should not be used as the evidence of positive selection in the H3N2 population.
This important effect of genetic linkage first predicted by Watterson's classical work, having largely been unrecognized so far, should be taken into account in wider areas of evolutionary genetics. In growing number of microbial experimental evolution studies that deals with asexual reproduction, high genomic mutation rate and serial sampling to trace the temporal profile of sequence evolution (Bollback and Huelsenbeck 2007; Betancourt 2009; Miller et al. 2011; Lang et al. 2013) , the genomic patterns of allelic substitutions should be carefully interpreted. It is especially intriguing that Lang et al. (2013) observed strong correlation in allele frequency trajectories at multiple sites in asexually evolving yeast populations. Whether stochastic genealogical process, as described by Watterson's theory, contributed to such correlation remains to be investigated.
Materials and Methods

Data
Human influenza A/H3N2 sequences were downloaded from the Influenza Virus Resource of GenBank (Bao et al. 2008) . We used sequences from all countries to maximize the sample size. As we wanted to calculate IOD over consecutive years with at least 30 sequences available per year, analysis was limited to separate sets of individual segments from 1991 to 2010. Outlier sequences (different from other sequences Watterson (1982a) using equations (1) and (2) in the same year at more than 100 sites) were removed. The numbers of full-length coding-region PB2 (polymerase basic protein 2) (2,280 bp), PB1 (polymerase basic protein 1) (2,274 bp), PA (polymerase acidic gene) (2,151 bp), HA (1,701 bp), NP (nucleoprotein) (1,497 bp), NA (1,410 bp), MP (982 bp), and NS (838 bp) sequences are 3,268, 3,310, 3,039, 4,198, 3,050, 4,516, 3,826, and 3,363, respectively . Sites that contain symbols other than A, C, G, and T (such as N, Y, and R) were not used in calculations below.
Simulation
We simulated a panmictic virus population that reproduces according to the Wright-Fisher model. One year is divided into 60 generations. This implies that one generation in viral reproduction, idealized in the framework of the WrightFisher model, corresponds to the duration of infection in a given host (expected time of viral shedding) which is approximately 5 days (Carrat et al. 2008 ). An individual virus is represented by a sequence carrying biallelic sites ("0" or "1"). Simulation was initially performed modeling the evolution in the HA1 domain of HA gene (table 2) . Therefore, we used sequence length (L = 990 sites) and mutation rate (m = 10 À4 /site/generation) that yields 0.006 substitutions/ site/year, the empirical estimate in HA1 (Bedford et al. 2010) , in models without selection. We then adjusted population size (N) and other parameters (see below for details) so that per-year nucleotide diversity () of simulated data falls within 5% of the observed in the actual data (11.5), in each of the following simulation models. For each model, simulation runs for 300 replicates. In each replicate, first 4,000 generations were removed as burn-in and from next 30 years (1,800 generations) 150 sequences were randomly sampled per year.
Model A As a baseline model to which Watterson's prediction is directly tested against, this model assumes a Wright-Fisher population with constant population size N. N = 50 yielded matching nucleotide diversity. Optional step of recombination was added by making random pairs of sequences after the sampling of new generation (thus N/2 pairs in total) and forcing cross-over at a randomly chosen position along the segment in a given pair. Model C In this model of recurrent positive selection, the segment is divided into the "epitope" and "nonepitope" (neutral) regions. The wild-type allele in the epitope region mutates into an advantageous allele with relative fitness 1 + s. If an individual sequence carries advantageous alleles at multiple sites, their fitness effects combine multiplicatively. After reaching fixation, the mutant allele becomes new wild-type allele. By allocating 55 sites into the epitope region and reducing mutation rate in the nonepitope region to m 0 = 0.84 Â 10
À4
, we could match the total number of substitutions to that in Model A or B. Mutation rate in the epitope region (m a ) and the population size (N) were adjusted for varying s to yield 1) approximately 1.3 fixations per year (=1.3) in the epitope region, following the recent estimate of adaptively driven substitution rate in HA1 segment (Bhatt et al. 2011) ; and 2) mean sequence diversity close to = 11.5. We used m a = m 0 , N = 100 for s = 0.05 (Model C1), m a = m 0 /3, N = 200 for s = 0.1 (Model C2), and m a = m 0 /20, N = 900 for s = 0.2 (Model C3). In Model C4, selection occurs together with recurrent bottlenecks specified by Model B3 with m a = m 0 /5, N = 1,600, N B = 40, and s = 0.1. Next, for each model above, we ran simulations to examine IOD as a function of scaled mutation rate ( fig. 3) . Here, we estimated by the average of mean pairwise diversity of sequences from each generation (i.e., = average per-generation ). We increased sequence length (L) from 500 to 3,000 bp by 500 bp so that increases from 5 to 30, whereas other parameter values were fixed as those used in simulations reported in table 2. In addition, for Model A, to satisfy the infinite-site model of mutation as much as possible, we performed simulation with 10-fold reduced per-site mutation rate (with corresponding 10-fold increase in sequence lengths).
Counting Fixation Events and IOD
IOD is defined as V x =x where V x and x are the variance and mean of the number of fixation events per year, respectively. For analyses of both actual and simulated sequences, the frequency of a given derived allele was determined from sequences sampled from a nonoverlapping window of 1 year. In order to count the number of fixation events in each year, we traced the allele frequency trajectories over time. Each trace starts from the year of mutational origin (frequency of the derived allele is 4 0 for the first time) and continues until its fixation (frequency reaches 0.99) or loss. When calculating IOD, we excluded first 5 years in counting fixations because fixation events during this time are likely to be underestimated.
Supplementary Material
Supplementary table S1 is available at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals.org/).
